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Abstract
Background: The Duffy antigen receptor for chemokines (DARC) shows high affinity binding to multiple inflammatory CC
and CXC chemokines and is expressed by erythrocytes and endothelial cells. Recent evidence suggests that endothelial
DARC facilitates chemokine transcytosis to promote neutrophil recruitment. However, the mechanism of chemokine
endocytosis by DARC remains unclear.
Methodology/Principal Findings: We investigated the role of several endocytic pathways in DARC-mediated ligand
internalization. Here we report that, although DARC co-localizes with caveolin-1 in endothelial cells, caveolin-1 is
dispensable for DARC-mediated 125I-CXCL1 endocytosis as knockdown of caveolin-1 failed to inhibit ligand internalization.
125I-CXCL1 endocytosis by DARC was also independent of clathrin and flotillin-1 but required cholesterol and was, in part,
inhibited by silencing Dynamin II expression. 125I-CXCL1 endocytosis was inhibited by amiloride, cytochalasin D, and the
PKC inhibitor Go¨6976 whereas Platelet Derived Growth Factor (PDGF) enhanced ligand internalization through DARC. The
majority of DARC-ligand interactions occurred on the endothelial surface, with DARC identified along plasma membrane
extensions with the appearance of ruffles, supporting the concept that DARC provides a high affinity scaffolding function
for surface retention of chemokines on endothelial cells.
Conclusions/Significance: These results show DARC-mediated chemokine endocytosis occurs through a macropinocytosis-
like process in endothelial cells and caveolin-1 is dispensable for CXCL1 internalization.
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Introduction
The malarial parasite receptor and minor blood group antigen,
Duffy, is a chemokine binding protein expressed on erythrocytes
and the surface of post-capillary venular endothelial cells [1,2,3].
Unlike other heptahelical receptors, Duffy Antigen Receptor for
Chemokines (DARC), lacks a G-coupling protein motif and
therefore does not participate in G-protein mediated signaling [4].
As ligation of erythrocyte Duffy by chemokines renders chemo-
kines inaccessible to circulating neutrophils, the concept of DARC
as a chemokine sink was established [1]. However, the role of
DARC appears to be more expansive, as we and others have
established that both erythrocyte and endothelial DARC can
modulate the inflammatory response and chemokine-mediated
neutrophil recruitment during inflammatory states [1,5,6,7,8,9].
The findings of enhanced expression of DARC on post capillary
venular endothelium and capillaries of the lungs during inflammatory
states further support DARC’s role in inflammation [10]. We have
previously shown that endothelial DARC is up-regulated in the
capillaries of human lungs during suppurative pneumonia, a
condition characterized by intense neutrophilic inflammation [10].
Furthermore, we have also shown that DARC facilitates the
movement of radiolabeled 125I -CXCL1/GRO-a across an endo-
thelial monolayer and augments neutrophil recruitment to inflam-
matory sites [5]. Consistent with this finding, others have shown that
Duffy antigen mediates chemokine endocytosis [8]. Interestingly,
once internalized by DARC, chemokine was not degraded but
transcytosed and retained on the apical surface of the endothelium,
where it can be presented to circulating neutrophils and thus
participate in neutrophil recruitment during inflammatory states [8].
In endothelial cells, DARC has been detected within membrane
invaginations that have the appearance of caveolae [11]. CXCL8,
a known Duffy ligand, has been shown to localize within caveolar
vesicles following endocytosis [12]. Recent studies have also
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demonstrated that DARC mediates chemokine transcytosis across
the endothelium and co-localizes with CCL2 and caveolin-1 in
vesicles [8]. However, direct biochemical and functional evidence
of a caveolin-dependent pathway utilized by DARC are lacking
and the exact mechanisms of DARC mediated chemokine
internalization are unknown. We therefore sought to determine
the mechanisms of DARC-mediated chemokine transcytosis.
Results
As expression of DARC in cultured endothelial cells is rapidly lost,
we stably expressed DARC cDNA into an immortalized human
umbilical vein endothelial cell (HUVEC) line [5,12,13]. We
previously reported that the Duffy-expressing immortalized HUVEC
(DIH) shows saturable binding of 125I-CXCL1/GRO-a with
equilibrium dissociation constant (Kd) of ,5 nM and binds multiple
chemokines with a binding profile consistent with what is reported in
vivo [3,14,15,16,17,18]. Here, we studied the rate of chemokine-
ligand internalization in DIH and mock-transfected immortalized
HUVEC (MIH) cells. We took advantage of the fact that receptor-
ligand interactions on the cell surface are disrupted at low pH and
that internalization is a temperature sensitive process [15,19,20].
MIH cells did not bind or internalize 125I-CXCL1/GRO-a whereas
DIH cells showed rapid 125I-CXCL1 internalization by 15 minutes
with further increases up to 240 minutes (Fig. 1A). However, most of
the ligand could be removed by acid stripping and approximately
40% of bound ligand internalized by 240 minutes (Figure 1B). To
determine whether the modest % of ligand endocytosis was related to
reduced cell integrity over time, we measured cell viability by trypan
blue exclusion and by flow cytometric analysis of 7-aminoactinomy-
cin D (7-AAD)+ cells. Greater than 99% of the cells remained viable
at 240 minutes by trypan blue exclusion, and 95% of the cells
remained 7AAD negative at 240 minutes by flow cytometric analysis
(data not shown). In addition, the internalization rate in DIH cells was
similar to Human Erythroleukemia cells (HEL) which natively
express Duffy antigen (about 30% ligand internalization by
240 minutes) (data not shown).
Because CXCR2 is a high affinity receptor for CXCL1
previously reported to be expressed on endothelial cells [21] and
can potentially influence DARC-dependent CXCL1 endocytosis,
we examined for surface CXCR2 expression on DIH cells by
flow cytometry (Figure 1C-E). Although DIH cells express
surface DARC (Figure 1C), we were unable to confirm
detectable surface CXCR2 expression (Figure 1D). This is in
contrast to peripheral granulocytes which expressed varying
levels of surface CXCR2 under basal conditions (Figure 1E).
Collectively, these data show that 125I-CXCL1 binding and
internalization is dependent upon DARC in DIH cells.
Depletion of cellular cholesterol inhibits DARC-mediated
CXCL1 internalization in endothelial cells
Cholesterol is involved in a number of endocytic pathways,
including the caveolin-dependent pathway, invagination of
clathrin coated pits, membrane ruffling and macropinocytosis
[22,23,24,25,26,27]. We therefore used 2-hydroxypropyl-b-cyclo-
dextrin (HPbCD) to deplete cholesterol from the plasma
membrane in order to determine whether the mechanism of
ligand internalization through DARC was dependent upon
cholesterol. HPbCD treatment significantly attenuated CXCL1
internalization by DIH cells (Figure 2A). The effect of HPbCD
was not due to altered binding of CXCL1 by DIH cells, as we
could displace similar amounts of surface bound 125I-CXCL1 by
excess unlabeled CXCL1 in both HPbCD treated and untreated
cells (Figure 2B). Cholesterol repletion reduced the inhibitory
effect of HPbCD pre-treatment on chemokine endocytosis, with
near complete restoration of chemokine endocytosis to basal
conditions by 4 h (p,0.05) (Figure 2A). These data demonstrate
that DARC-mediated chemokine internalization is dependent
upon cholesterol.
Caveolin-1 is not essential for DARC-mediated ligand
internalization in endothelial cells
As caveolae-mediated endocytosis is disrupted by cholesterol
depletion and caveolin-1 has been shown to co-localize with the
DARC ligands CXCL8 and CCL2 in addition to DARC, we
investigated whether DARC-mediated ligand endocytosis occurs
through a caveolae-dependent pathway [8,12]. We examined
intracellular localization of DARC, caveolin-1, and clathrin in
DIH cells in the presence CCL2 (Figure 3A-E). Consistent with the
findings of Pruenster and colleagues, we show that DARC co-
localized with caveolin-1, a marker of caveolae, but not clathrin by
confocal microscopy in DIH cells (Figure 3A-E) [8]. Similar
findings were obtained when CXCL1 was used as the ligand (data
not shown). By immunoelectron microscopy, we confirm that
caveolin-1 (labeled with 10 nm gold particles, black triangle) co-
localized with DARC (labeled with 5nm gold particle, black
arrows) in DIH cells (Figure 3F, G and H).
To determine whether caveolae are required for DARC-mediated
chemokine internalization, we transfected DIH cells with siRNA
targeted against caveolin-1 and control siRNA. Following transfec-
tion, immunoblotting was performed to confirm knockdown of
caveolin-1. Near complete knockdown of caveolin-1 expression had
no effect on 125I-CXCL1 internalization in DIH cells (Figure 4A–B).
We next examined whether flotillin-1, a protein implicated in
cholesterol-dependent, lipid raft-associated pathways [28], partici-
pates in the endocytosis of chemokine in Duffy expressing endothelial
cells. The depletion of flotillin-1 had no effect on 125I-CXCL1
internalization compared to the cells transfected with control siRNA
(Figure 4C–D). In contrast, knockdown of clathrin significantly
attenuated 125I-transferrin uptake (Figure 4E) but had no effect on
chemokine endocytosis in our model (Figure 4F), confirming that
DARC-mediated chemokine endocytosis does not utilize a clathrin-
dependent pathway. Notably, the majority of transferrin uptake was
rapid occurring by 15 minutes whereas CXCL1 endocytosis
occurred more slowly. The % rate of internalization in our model,
however, for transferrin and CXCL1 was comparable by 120
minutes. Collectively, these findings show that although DARC co-
localizes with caveolin-1, an essential component of caveolae,
caveolin-1 in addition to flotillin-1 and clathrin are dispensable for
DARC-mediated chemokine endocytosis. However, ligand internal-
ization is dependent upon cholesterol, suggesting that alternative
cholesterol-mediated processes such as the macropinocytic pathway
may participate in DARC-mediated ligand internalization in
endothelial cells [23,29].
DARC is located along plasma membrane extensions and
PDGF enhances DARC-mediated chemokine endocytosis
Actin-mediated plasma membrane ruffling is a morphological
change occuring early in several endocytic pathways, including
circular dorsal ruffles (CDRs) that lead to macropinosome
formation [30]. We therefore evaluated the subcelluar localization
of DARC using transmission electron microscopy in resting DIH
cells. DARC was localized to the surface of endothelial cells,
located along plasma membrane extensions with the appearance
of ruffles (Fig. 5). In response to growth factor stimulation, ruffling
occurs within minutes and mediates receptor tyrosine kinase
internalization via the CDRs endocytic pathway [31]. As PDGF
Endothelial DARC Mediated Chemokine Endocytosis
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treatment is a known inducer of ruffling formation [32], and our
findings demonstrate the presence of DARC in membrane
extensions with the appearance of ruffles, we investigated the
effect of PDGF on chemokine internalization in DIH cells.
Confocal imaging confirmed DARC internalization as DARC was
associated with early endosomal antigen (EEA), and to a lesser
extent with lysosomal associated membrane protein (LAMP)
following PDGF stimulation (Figure 6A). PDGF stimulation
consistently increased 125I-CXCL1 internalization in endothelial
cells by 120 minutes (Figure 6B). The effect of PDGF is not due to
upregulation of DARC expression or increased mobilization of
DARC to the surface of the DIH cells (Figure 6C). These data
show that a growth factor mediated pathway enhances CXCL1
internalization in DIH cells.
DARC-mediated CXCL1 internalization does not require
PAK1 and CtBP1 but is dependent upon Dynamin II
expression
It has been shown that P21-activated kinase 1 (PAK1) is
associated with membrane ruffling and it is thought to play an
important regulatory role in macropinocytosis [33]. Phosphoryla-
tion of C-terminal-binding protein-1 (CtBP1) occurs by activated
PAK1 and CtBP1 is essential for the final fission of PAK1
dependent macropinosomes from the plasma membrane [34]. We
therefore examined the role of PAK1 and CtBP1 in CXCL1
internalization by DIH cells. As compared with HeLa cells known
to express abundant PAK1, DIH cells showed minimal PAK1
expression (data not shown). In contrast, CtBP1 expression in DIH
cells was easily detectable under basal conditions (Figure 7A).
Silencing of either PAK1 or CtBP1 did not effect chemokine
internalization by DIH cells (Fig. 7A&B). Based upon these
findings, we concluded that DARC-ligand internalization in DIH
cells is PAK1 and CtBP1 independent.
Dynamin II is a GTPase that promotes fission of the endocytic
membrane and is required for both clathrin and caveolae
mediated endocytosis [35,36]. Dynamin II may also be involved
in regulating actin polymerization and ruffle formation during
macropinocytosis [37]. To assess if dynamin is involved in CXCL1
endocytosis in DIH cells, DIH cells were treated with dynasore, an
inhibitor of dynamin. Dynasore treatment showed inhibition of
internalization of CXCL1 (Figure 8A). Confirming these results,
Figure 1. Duffy antigen mediates CXCL1 binding and endocytosis in DIH cells. MIH cells and DIH cells were incubated with 125I-CXCL1/
GRO-a at the designated time points then were washed with binding buffer or acid wash buffer, as described in Materials and Methods. (A)
Internalized 125I-CXCL1/GRO-a counts in MIH and DIH cells. * p,0.01 MIH cells vs DIH cells, paired t test. (B) Percentage of 125I-CXCL1/GRO-a
internalization in MIH and DIH cells. * p,0.001 MIH cells vs DIH cells, paired t test. Experiments were conducted in triplicates and the mean 6 SEM
from two independent experiments is shown. (C) DIH cells were labeled with anti-Duffy 2C3 Fy6 antibody or isotype mouse IgG1 antibody and
surface expression of Duffy examined by flow cytometry. (D) DIH cells do not show detectable surface CXCR2 expression following immune-labeling
with anti-human CXCR2 or isotype mouse IgG1 antibody. (E) Peripheral leukocytes were isolated from a healthy volunteer and immune-labeled with
anti-human CXCR2 or isotype IgG1 control antibody. Histogram shows gated population of granulocytes expressing CXCR2. Flow cytometric
examination of surface DARC and CXCR2 expression on DIH cells was performed 2 independent times. CXCR2 expression on human peripheral
granulocytes was performed once.
doi:10.1371/journal.pone.0029624.g001
Endothelial DARC Mediated Chemokine Endocytosis
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knockdown of Dynamin II expression by siRNA also inhibited
CXCL1 endocytosis by 120 minutes (Figure 8B). These data
suggest that dynamin II participates in DARC mediated CXCL1
endocytosis.
CXCL1 endocytosis in DIH cells requires actin
polymerization, is amiloride sensitive, and PKC
dependent
Our findings suggest that DARC-mediated CXCL1 endocytosis
is dependent on both cholesterol and Dynamin II and is stimulated
by the growth factor, PDGF. As these molecules have been
previously implicated in macropinocytosis, we examined whether
CXCL1 internalization in DIH cells occurred through this
pathway. Amiloride, an ion exchange inhibitor, is widely used as
an inhibitor of macropinocytosis, as it inhibits macropinocytosis
without a detectable impact on the other known endocytic
pathways [24,38]. Amiloride significantly reduced CXCL1
internalization in DIH cells (Fig. 9A), suggesting that endothelial
CXCL1 internalization occurs through macropinocytosis-like
process.
Membrane ruffling, an essential feature of macropinocytosis,
occurs following actin polymerization [24]. We therefore investi-
gated the effects of actin disruption on CXCL1 internalization
using cytochalasin D, a known inhibitor of actin polymerization
[39]. Cytochalasin D treatment significantly attenuated CXCL1
internalization in DIH cells (Fig. 9B). Because protein kinase C
(PKC) has been shown to be a regulator of macropinocytosis
[40,41], we tested the effect of PKC inhibition on chemokine
internalization in DIH cells. As shown in Fig. 9C, the selective
PKC inhibitor Go¨6976 inhibited CXCL1 internalization com-
pared to untreated cells. In addition, wortmannin, a PI3K
inhibitor, also inhibited ligand endocytosis by 15 minutes
(p,0.05, data not shown). Taken together, these data suggest a
Figure 2. Cholesterol is required for CXCL1 endocytosis in DIH
cells. (A) DIH cells were pre-treated with 2-hydroxypropyl-b-Cyclodex-
trin prior to incubation with 125I -CXCL1/GRO-a for various time points,
as described in the Materials and Methods. 2-hydroxypropyl-b-
cyclodextrin showed inhibition of chemokine internalization that could
be reversed with cholesterol repletion. * p,0.01, 10 mM 2-hydro-
xypropyl-b-Cyclodextrin treatment vs control, two way ANOVA.
** p,0.05 10 mM 2-hydroxypropyl-b-Cyclodextrin treatment vs reple-
tion with cholesterol, two way ANOVA. (B) DIH cells were pre-treated
with 2-hydroxypropyl-b-Cyclodextrin, prior to the addition of 125I -
CXCL1/GRO-a with or without unlabeled excess CXCL1 for 120 minutes,
as described in the Materials and Methods. Data presented are the
combined results from at least three independent experiments.
doi:10.1371/journal.pone.0029624.g002
Figure 3. Duffy antigen co-localizes with caveolin-1 but not
with clathrin. The DIH cells were stimulated with or without CCL2
100 ng/ml for 120 minutes. Figure A shows a typical single plane
confocal optical section from the lamellipodial region of a cell, with
Panel B focusing at a specific area on the cell outlined by the rectangle
in A. Panel B is then separated into specific color signals to accentuate
the localization status of each protein. Cells are stained for Duffy (Panel
C, blue), caveolin (Panel D, green) and clathrin (Panel E, red). Some
Duffy positive foci colocalize with the caveolin signal (arrows) while no
Duffy signal is seen colocalized with the red clathrin signal(arrowheads).
Figure (F-H), by immuno-EM, caveolin-1 was labeled with 10 nm gold
particle- (.), Duffy antigen was labeled with 5 nm gold particle- (Q),
colocalization between caveolin and Duffy is observed in flask-like
membrane structures- (D).
doi:10.1371/journal.pone.0029624.g003
Endothelial DARC Mediated Chemokine Endocytosis
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Figure 4. Duffy mediated chemokine endocytosis in DIH cells is caveolin-1, clathrin, flotillin-1 independent. DIH cells were transfected
with SiRNA targeted against caveolin-1 (A&B), flotillin-1(C&D), clathrin (E, F &G), and control scramble sequence RNA (ScRNA). At 72 hour post-
transfection, endocytosis experiments were performed and cells lysates were analysed by SDS-PAGES and immunoblotted with caveolin-1, clathrin,
flotillin-1 and b-actin antisera. (E) DIH cells transfected with SiCLAC or control SiRNA and were incubated with 125I-transferrin for various time points
then were washed with binding buffer or acid wash buffer, as described in the Materials and Methods. The mean 6 SEM from three independent
experiments is shown.
doi:10.1371/journal.pone.0029624.g004
Endothelial DARC Mediated Chemokine Endocytosis
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macropinocytosis-like process is involved in DARC-induced
CXCL1 internalization in endothelial cells and actin and PKC
mediate this process.
Discussion
The mechanism of DARC-mediated chemokine endocytosis in
endothelial cells remains poorly defined. In this study, we show
several novel findings exploiting the high affinity ligand-receptor
interaction between DARC and the pro-angiogenic CXCL1.
Despite previous reports and our finding showing DARC localized
to caveolae, caveolin-1 is dispensable for DARC-mediated
chemokine endocytosis. In addition, clathrin does not appear
essential for DARC-dependent ligand internalization. Flotillin-1,
an endosomal protein involved in clathrin-independent and
caveolae-independent endocytosis, is also not essential [28]. Our
findings further show that the majority of DARC-chemokine
interactions occur along the surface of DIH cells, located along
plasma membrane extensions, with ligand internalization en-
hanced by PDGF stimulation. The data implicate an alternative
cholesterol-dependent pathway for DARC-ligand internalization
that requires, in part, dynamin II. Moreover, chemokine
endocytosis also requires actin polymerization, is amiloride
sensitive, and PKC-dependent. Although PAK1- and CtBP1-
independent, these lines of evidence support a macropinocytosis-
like process mediating ligand endocytosis by DARC.
Figure 5. Majority of Duffy antigen is present on the surface of
endothelial cells within vesicles and plasma membrane
extensions. Duffy antigen was detected on membrane surfaces by
pre-embedding TEM in DIH cells as described in Materials and Methods.
All panels are imaged from different cells. Duffy antigen (5 nm gold,
arrows) was seen located associated with plasma membrane extensions
and invaginations. These structures are large (.100 nm) and have no
consistent morphology, suggesting they are macropinosomes.
doi:10.1371/journal.pone.0029624.g005
Figure 6. PDGF enhances chemokine internalization in DIH
cells and co-localization with early endosomal antigen. (A) DIH
cells were stimulated with or without PDGF for 10 min, then DARC (red)
and EEA (green) or LAMP (green) co-localization were detected using
confocal imaging. Blue, actin. (B) DIH cells were pretreated with PDGF
50 ng/ml for 10 min prior to endocytosis experiments. By 120 minutes,
PDGF increased DARC-mediated CXCL1 internalization. * p,0.05 PDGF
treatment vs control, paired t test. Cells incubated in the absence of
PDGF served as a control for internalization. Data presented are the
combined results of at least three independent experiments. (C) DIH
cells were pretreated with or without PDGF 50 ng/ml for 10 min prior
to surface staining for DARC as described in the Materials and Methods.
doi:10.1371/journal.pone.0029624.g006
Endothelial DARC Mediated Chemokine Endocytosis
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There are multiple endocytic pathways employed by endothelial
cells including clathrin-dependent and clathrin-independent
mechanisms. Clathrin-mediated endocytosis has been the most
extensively studied mechanism of chemokine internalization
[42,43,44]. CXCR1 and CXCR2 mediate chemokine endocytosis
through a clathrin, Rab5, dynamin II-dependent process [45]. A
clathrin-dependent pathway is utilized in the internalization of D6,
a seven transmembrane non-signaling chemokine receptor similar
to DARC [46]. Lipid raft and caveolae-mediated pathways of
chemokine internalization have also been described for the
chemokine receptors CCR5 and CXCR4 [42,47,48]. Other
clathrin-independent pathways less commonly utilized by endo-
thelial cells include flotillin-mediated endocytosis, phagocytosis,
clathrin independent cargos/GPI-AP-enriched early endosomal
compartment (CLIC/GEEC) endocytic pathway, and macropi-
nocytosis [28,49,50,51]. Our findings are the first report of
DARC, a seven transmembrane chemokine binding protein,
preferentially utilizing a macropinocytosis-like process for ligand
internalization.
A number of endocytotic pathways require lipid rafts and can be
inhibited by the cholesterol-depleting agent cyclodextrin. We
found that treatment of DIH cells with HPbCD inhibited CXCL1
internalization. Cholesterol repletion following HPbCD treatment
restored chemokine endocytosis, demonstrating that cholesterol is
required for Duffy antigen mediated CXCL1 internalization.
Caveolae-dependent endocytosis requires intact lipid rafts and is
inhibited by depletion of cholesterol. Duffy antigen has previously
been detected in caveolae and colocalizes with the chemokine
CCL2 in caveolin containing vesicles [8,11]. In this study,
however, gene silencing of caveolin-1 expression had no effect
on DARC-mediated chemokine internalization. Although the
findings demonstrate that caveolae is not the dominant mode of
DARC-mediated CXCL1 entry, it remains possible that consti-
tutive re-cycling of DARC in the absence of ligand stimulation
may utilize caveolae. Our findings also do not exclude the
possibility that DARC utilizes multiple redundant pathways for
ligand internalization, and that knockdown of one pathway re-
routes DARC to another pathway.
It is well established that dynamin plays an important role in
both clathrin and caveolae mediated endocytosis [35,36,50].
However, dynamin is also involved in macropinocytosis as it is
localized to pinosome-associated actin comet tails in several types
of cells [52,53]. Here, we demonstrate that inhibitors of dynamin
II and genetic knockdown of dynamin II consistently reduced
chemokine internalization by approximately 50% by 120 minutes,
suggesting that Duffy mediated chemokine internalization is at
least partially dependent on dynamin. Because we were unable to
achieve complete knockdown of dynamin II despite higher molar
concentrations of siRNA used (, 80 nM), we cannot rule out the
possibility that even low expression of dynamin II in endothelial
cells is sufficient to mediate DARC-ligand internalization.
In our model, CXCL1 internalization was inhibited by
amiloride and enhanced by PDGF stimulation, two defining
features of macropinocytosis. Furthermore, inhibition of actin
polymerization and PKC activity consistently reduced chemokine
internalization, supporting the concept that a macropinocytosis-
like process is involved in DARC-mediated chemokine internal-
ization. CtBP1 and PAK1 are involved in the final fission of the
macropinosome from the plasma membrane in macropinocytosis
[24,34]. However, depletion of CtBP1 and PAK1 expression by
Figure 7. CXCL1 endocytosis is CtBP1 and PAK1 independent. DIH cells were transfected with SiRNA targeted against CtBP1 (A) or PAK1 (B)
and control scramble sequence RNA (ScRNA). At 72 hour post-transfection, endocytosis experiment was performed and cells lysates were analysed by
SDS-PAGES and immunoblotted with CtBP1, PAK1 and b-actin antisera. The mean 6 SEM from three independent experiments is shown.
doi:10.1371/journal.pone.0029624.g007
Endothelial DARC Mediated Chemokine Endocytosis
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siRNA did not attenuate ligand endocytosis in DIH cells. One
explanation for the differing results may be that our studies were
conducted in a different cell type from those in previous reports.
The macropinocytosis process is still incompletely characterized,
and unlike receptor-mediated endocytosis and phagocytosis, is not
currently defined by a specific molecular pathway [24]. It is
unclear how many system variations of macropinocytosis there are
in different cell types, as theoretically almost all cell types are
capable of macropinocytosis [54]. Moreover, there are different
kinds of ruffles such as the canonical planar ruffle and circular
ruffles. However, circular ruffles do not appear to require the Rho
family GTPase Ras and Rac1 which are upstream of the target
protein PAK1 [24], and this may account for why we were unable
to block ligand endocytosis by targeting PAK1 or CtBP1.
In summary, our findings provide functional evidence that
DARC-mediated ligand endocytosis is dependent upon a macro-
pinocytosis-like process in endothelial cells and that caveolin-1 is
dispensable for CXCL1 internalization. We also show that the
majority of DARC-ligand interactions occur on the endothelial
surface, supporting the concept that DARC provides a high
affinity scaffold for surface retention of chemokines on endothelial
cells. This is consistent with the findings reported by others that
DARC internalizes and facilitates the transfer of ligand leading to
their apical retention [8]. Recently, DARC has been shown to
exist as homo-dimers and antagonize CCR5 signaling through the
formation of hetero-oligomers [55]. It remains to be seen whether
the process of hetero-oligomer formation diverts DARC to
different endocytic pathways than dimerization.
Materials and Methods
Cell Culture
We previously generated and functionally characterized im-
mortalized Human Umbilical Vein Endothelial Cells (HUVEC)
stably expressing human Duffy cDNA (Accession no. AY167991)
[5]. The immortalized HUVEC line (IVEC) has an indefinite
lifespan in culture but is nontumorgenic. The cell line demon-
strates cobblestone morphology, expresses Factor VIII-related
Antigen, takes up Dil-Ac-LDL, and expresses the integrin subunits
avb3, avb5, a2, a3, b4, and a6, consistent with its endothelial
origin. The Duffy transfected immortalized HUVEC cells are
herein referred to as DIH (Duffy transfected Immortalized
HUVEC) cells. The mock transfected immortalized HUVEC cells
are referred to as MIH (Mock transfected Immortalized HUVEC)
cells. Endothelial cells were maintained in endothelial growth
medium-2 (EGM2) containing 2% fetal calf serum (BioWhittaker,
Walkersville, MD). Upon passage, these cells were repeatedly
tested negative for mycoplasma by PCR.
Immunofluorescence Confocal microscopy
DIH cells were grown in 24 well plates containing 12 mm
round glass coverslips (Thermo-Fisher, Pittsburgh, PA). Cells were
stimulated with 100 ng/mL human recombinant CCL2 (Pepro-
tech, Rocky Hill, NJ) for various time points, and then fixed with
2% paraformaldehyde in PBS, and permeabilized with 0.1%
Triton in PBS for 30 min. Cells were washed in 0.5% BSA in PBS
(PBB), blocked with 2% BSA in PBS for 30 min, and incubated
Figure 8. Silencing of Dynamin II expression partially inhibited chemokine endocytosis. (A) DIH cells were pretreated with dynasore prior
to incubation with 125I-CXCL1/GRO-a for the specified time points, as described in Materials and Methods. Dynasore inhibited CXCL1 internalization in
DIH cells. * p,0.05 dynasore treatment vs control, paired t test. (B) DIH cells were transfected with SiRNA targeted against dynamin II and control
SiRNA (ScRNA). At 72 hour post-transfection, endocytosis experiments were performed and cells lysates were analysed by SDS-PAGES and
immunoblotted with dynamin II and b-actin antisera. The mean 6 SEM from three independent experiments is shown.
doi:10.1371/journal.pone.0029624.g008
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with primary antibodies mouse anti-Duffy 2C3 Fy6 (BD
Biosciences, San Jose, CA, IgG1), rabbit anti-caveolin-1 (Abcam,
Cambridge, MA) or mouse anti-clathrin (Abcam, Cambridge,
MA, IgG2b) in PBB at RT for 1 hr. Cells were washed 4 x with
PBB then were stained with goat anti-mouse IgG1-Alexa 647, goat
anti-rabbit IgG Alexa 488 and goat anti-mouse IgG2b-Alexa 564
(all from Invitrogen, Carlsbad, CA) for 1 hr at RT. Omission of
primary antibodies served as controls. Coverslips were mounted to
slides using gelvatol (23g polyvinyl alcohol) 2000, 50 ml glycerol,
0.1% sodium azide to 100 ml PBS). Cells were imaged on a
Fluoview 1000 confocal microscope (Olympus, Center Valley,
PA). Images were taken using a 100x objective using an oil-
immersion 100x objective (N.A. = 1.40) digitally zoomed 3x during
image acquisition.
For co-localization studies examining Duffy with early endoso-
mal antigen (EEA) and lysosomal associated membrane protein
(LAMP), DIH cells were grown in 24 well plates containing
12 mm glass coverslips. Cells were stimulated with or without
100 ng/mL human recombinant CXCL1/GRO-a (Peprotech,
Rocky Hill, NJ) or 50 ng/ml PDGF-BB (Millipore, Billerica, MA)
for various time points, and then fixed with 2% paraformaldehyde
in PBS for 1 hr and permeabilized with 0.1% Triton in PBS for
30 min. Cells were washed in 0.5% BSA in PBS (PBB), blocked
with 2% BSA in PBS for 30 min, and incubated with primary
antibodies mouse anti-Duffy 2C3 Fy6, rabbit anti-EEA (1:100
Abcam, Cambridge, MA) and rabbit anti-LAMP (1:100 Abcam,
Cambridge, MA) for 1 hr at RT. Cells were washed 4 x with PBB
then were stained with goat anti-mouse Cy3 (1:1000, Jackson
ImmunoReseach), goat anti-rabbit Alexa 488 (1:500, Invitrogen)
and phalloidin-Alexa 647 (1:250 Invitrogen) for 1 hr at RT. Cells
were processed and imaged for confocal microscopy as described
above.
Transmission electron microscopy
Cryo-sections. DIH cells were fixed in cryofix (2%
paraformaldehyde, 0.01% glutaraldehyde in 0.1 M PBS) and
stored at 4uC for 1 hour. Methods for processing ultrathin
cryosections have been previously described [56]. Prepared
ultrathin sections (70–100 nm) were washed three times with
PBS, then three times with PBS containing 0.5% bovine serum
albumin and 0.15% glycine (PBG buffer) followed by a 30 min
blocking incubation with 5% normal goat serum in PBG. Sections
were labeled with rabbit anti-caveolin 1 and mouse anti-Duffy
2C3 Fy6 in PBG for 1 hr. Sections were subsequently washed four
times in PBG and labeled with goat anti-rabbit (10 nm) or goat
anti-mouse (5 nm) gold conjugated secondary antibodies (GE
Healthcare Biosciences, Piscataway, NJ), each at a dilution of 1:25
for 1 hr. Sections were serially washed in PBG, then PBS, and
fixed in 2.5% glutaraldehyde in PBS for 5 min, followed by PBS
washes and finally in ddH2O. Sections were post-stained in 2%
neutral uranyl acetate, for 7 min, washed three times in ddH2O,
stained 2 min in 4% uranyl acetate, then embedded in 1.25%
methyl cellulose. Labeling was observed on a JEOL JEM 1210
electron microscope (Peabody, MA) at 80 kV.
Pre-Embed ImmunoTEM
DIH monolayers were fixed with 2% paraformaldehyde in PBS
for 1 hr. Cells were washed 3 times in PBS, then 3 times within
PBS supplemented with 0.5% BSA and 0.15% glycine (PBG)
365 min each. Cells were blocked in 20% normal goat serum in
PBG for 40 min then washed once with PBG. Primary antibodies
(mouse anti-Duffy 2C3 Fy6 in PBG for 1 hr) were added to cells in
PBG at a 1:100 dilution and incubated at room temperature for
4 hr. Cells were washed 4 times in PBG then secondary antibody
(goat anti-mouse 5 nm gold conjugate 1:25 in PBG (Jackson
ImmunoResearch Laboratories, West Grove, PA) was added for
3 hr at room temperature. Cells were washed 3 times in PBG, 3
times in PBS, then fixed 1 hr in 2.5% glutaraldehyde in PBS. Cells
were then processed for transmission electron microscopy.
Monolayers were washed in PBS three times then post-fixed in
aqueous 1% osmium tetroxide, 1% potassium ferricyanide for 1
hr. Cells were washed 3 times in PBS then dehydrated through a
30–100% ethanol series then several changes of Polybed 812
Figure 9. Addition of amiloride, inhibition of actin polymeri-
zation, or PKC inhibition decreased CXCL1 internalization in
DIH cells. DIH cells were pre-treated with various inhibitors prior to
incubation with 125I-CXCL1/GRO-a for the specified time points, as
described in Materials and Methods. (A) Amiloride significantly inhibited
DARC-mediated CXCL1 internalization in DIH cells. * p,0.05 amiloride
treatment vs control, paired t test. (B) Actin polymerization inhibitor
cytochalasin D decreased CXCL1 internalization in DIH cells. * p,0.05
cytochalasin D treatment vs control, paired t test. (C) PKC inhibitor
Go¨6976 also showed inhibition of CXCL1 internalization. * p,0.05
Go¨6976 treatment vs control, paired t test. Shown is the mean 6 SEM
from three experiments.
doi:10.1371/journal.pone.0029624.g009
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embedding resin (Polysciences, Warrington, PA). Cultures were
embedded in by inverting Polybed 812-filled BEEM capsules on
top of the cells. Blocks were cured overnight at 37uC, then cured
for two days at 65uC. Monolayers were pulled off the tissue culture
plates and ultrathin cross sections (70 nm) of the cells were
obtained on a Riechart Ultracut E microtome, post-stained in 4%
uranyl acetate for 10 min and 1% lead citrate for 7 min. Sections
were viewed on a JEOL JEM 1011 transmission electron
microscope (JEOL, Peobody MA) at 80 KV. Images were taken
using a side-mount AMT 2k digital camera (Advanced Microscopy
Techniques, Danvers, MA).
Flow cytometry
DIH cells were pretreated with or without PDGF (Millipore,
Billerica, MA) (50 ng/ml) for 10 minutes, then the cells were
washed and resuspended in PBS containg 2% FBS. Then the cells
were stained with primary antibodies mouse anti-Duffy 2C3 Fy6
(BD Biosciences, San Jose, CA) or Isotype control IgG1 antibody
(R&D systems, Minneapolis, MN) for 30 minutes at 4uC. After
incubation with secondary antibody anti-mouse IgG-PE for
30 minutes, Flow cytometric analysis was performed on a BD
Biosciences FACSCalibur.
In experiments pertaining to surface CXCR2 expression, we
obtained whole blood from a healthy volunteer following written
informed consent. The Institutional Review Board of University
of Pittsburgh approved the studies. The cell pellet was obtained
following centrifugation of whole blood at 500 g for 5 minutes.
Red blood cells (RBC) were lysed using a commercially available
RBC lysis buffer (eBiosciences, San Diego, CA). The cell pellet
was washed with PBS x 3, and labeled with either anti-human
CXCR2 (BD Biosciences, San Jose, CA) or mouse IgG1 isotype
control antibody (BD Biosciences, San Jose, CA) for 30 minutes
DIH cells were stained with mouse anti-Duffy 2C3 Fy6, anti
human CXCR2 (BD Biosciences, San Jose, CA) or mouse IgG1
isotype control antibody (BD Biosciences, San Jose, CA) for
30 minutes. Samples were analyzed by flow cytometry as stated
above.
SiRNA transfection
DIH cells were transfected with siRNA (80 nM) directed against
Caveolin-1(CAV), Clathrin heavy chain (CLAC), Dynamin II
(DYN II), Flotillin-1 (FLOT), C-terminal-binding protein-1
(CtBP1) and P21-activated kinase 1 (PAK1), using HiperFect
(Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. The transfection efficiency was determined by the protein
expression by immunoblotting with the corresponding antibodies
72 hours later, and internalizations assays were performed using
nonsilencing SiRNA as controls. All SiRNAs were purchased from
Dharmacon and all these SiRNAs are pools of four SiRNA
duplexes (smartpools).
Western blot analysis
Rabbit anti-caveolin-1 (Abcam, Cambridge, MA), mouse anti-
clathrin (BD Transduction Laboratories, San Jose, CA), mouse
anti-dynamin II (BD Transduction Laboratories, San Jose, CA),
mouse anti-flotillin-1 (BD Transduction Laboratories, San Jose,
CA), mouse anti-CtBP1 (BD Transduction Laboratories, San Jose,
CA), rabbit anti-PAK1 (Cell signaling Technology Inc, Boston,
MA) were used for immunoblotting. Proteins were resolved by
SDS-PAGE under reducing conditions, transferred to a nitrocel-
lulose membrane, and blocked with 5% nonfat dried milk in TBS
containing 0.05% Tween 20 for 1 h. Immunoblotting was
performed by incubating membranes in blocking solution
containing primary antibodies at 4uC overnight. Following
extensive washing with TBS containing 0.05% Tween 20, the
membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies (Cell Signaling Technology Inc,
Boston, MA) for 1 hour at room temperature. An enhanced
chemiluminescence detection kit (Thermo Scientific, Rockford, IL)
was used to visualize bound antibody.
Receptor Ligand Internalization
Methods for radioligand internalization were modified from
Peiper et al. [15]. All chemical inhibitors were purchased from
Sigma (St Louis, MO) unless otherwise indicated. 2-hydroxypro-
pyl-b-Cyclodextrin (10 mM), dynasore (50 mM), amiloride
(3 mM), cytochalasin D (2.5 mM), Go¨6976 (1 mM; Calbiochem,
Gibbstown, NJ) and PDGF-BB (Millipore, Billerica, MA) (50 ng/
ml) were used for endocytosis studies. Binding buffer consisted of
RPMI 1640 containing 0.2% BSA, and 12.5 mM HEPES buffer,
pH 7.4. Acid wash buffer consisted of binding buffer at pH 3.0.
DIH or MIH cells (0.26106 cells) were incubated with 0.2 nM
125I-CXCL1/GRO-a (Perkin Elmer, Waltham, MA) or 0.075 mCi
125I-Transferrin (Perkin Elmer, Waltham, MA) at 37uC or 4uC.
Non labeled excess CXCL1/GRO-a (R&D SYSTEMS, Minne-
apolis, MN) (1 mM) was added in some experiments. At given time
points, the reaction was terminated by centrifugation to separate
the cell pellet from supernatant. The pellet was washed twice with
either binding buffer or acid wash buffer, followed by a final
centrifugation step. The acid-wash step displaced surface bound
125I-CXCL1/GRO-a. Radioactivity was measured in counts per
minute (cpm) using a gamma counter. The % 125I-CXCL1/GRO-
a internalized was determined by measuring the average activity of
acid-washed wells at 37uC as a percentage of the average activity
of non-acid washed wells at 37uC, as previously utilized by others
[46,57]. Average activity of wells incubated at 37uC but acid
washed (washed with binding buffer, pH 3) reflected internalized
ligand. Average activity of wells incubated at 37uC but not acid
washed (washed with binding buffer, pH 7.4) reflected total
binding. In order to determine the efficiency of this method, wells
reflecting total surface binding (incubated at 4uC, not acid washed)
were washed with excess unlabeled ligand (1 mM) and compared
to the findings of wells incubated at 4uC and acid washed. Initial
results showed that wells incubated at 4uC and acid washed very
efficiently removed surface bound ligand. Cholesterol repletion
studies have been previously described [58]. Cells were pretreated
with 2-hydroxypropyl-b-Cyclodextrin (10 mM) for 30 min fol-
lowed by incubation in the presence or absence of water soluble
cholesterol (400 mg/ml, Sigma, St. Louis, MO). 125I-CXCL1
internalization was examined in cells at designated time points as
described above.
Statistics
Student’s paired t-test was conducted to compare treatment
versus control groups at each time point. For cyclodextrin and
cholesterol repletion studies, a two-way analysis of variance
(ANOVA) was conducted to compare multiple treatment groups
and control across various time points. Statistical analysis was
performed using GraphPad Prism5 (GraphPad software, La Jolla,
CA).
Author Contributions
Conceived and designed the experiments: JSL YZ. Performed the
experiments: YZ ZX BP FG DS. Analyzed the data: YZ JSL. Contributed
reagents/materials/analysis tools: DS. Wrote the paper: JSL NM YZ.
Endothelial DARC Mediated Chemokine Endocytosis
PLoS ONE | www.plosone.org 10 December 2011 | Volume 6 | Issue 12 | e29624
References
1. Darbonne WC, Rice GC, Mohler MA, Apple T, Hebert CA, et al. (1991) Red
blood cells are a sink for interleukin 8, a leukocyte chemotaxin. J Clin Invest 88:
1362–1369.
2. Hadley TJ, Lu ZH, Wasniowska K, Martin AW, Peiper SC, et al. (1994)
Postcapillary venule endothelial cells in kidney express a multispecific chemokine
receptor that is structurally and functionally identical to the erythroid isoform,
which is the Duffy blood group antigen. J Clin Invest 94: 985–991.
3. Horuk R, Chitnis CE, Darbonne WC, Colby TJ, Rybicki A, et al. (1993) A
receptor for the malarial parasite Plasmodium vivax: the erythrocyte chemokine
receptor. Science 261: 1182–1184.
4. Hadley TJ, Peiper SC (1997) From malaria to chemokine receptor: the emerging
physiologic role of the Duffy blood group antigen. Blood 89: 3077–3091.
5. Lee JS, Frevert CW, Wurfel MM, Peiper SC, Wong VA, et al. (2003) Duffy
antigen facilitates movement of chemokine across the endothelium in vitro and
promotes neutrophil transmigration in vitro and in vivo. J Immunol 170:
5244–5251.
6. Lee JS, Wurfel MM, Matute-Bello G, Frevert CW, Rosengart MR, et al. (2006)
The Duffy antigen modifies systemic and local tissue chemokine responses
following lipopolysaccharide stimulation. J Immunol 177: 8086–8094.
7. Mangalmurti NS, Xiong Z, Hulver M, Ranganathan M, Liu XH, et al. (2009)
Loss of red cell chemokine scavenging promotes transfusion-related lung
inflammation. Blood 113: 1158–1166.
8. Pruenster M, Mudde L, Bombosi P, Dimitrova S, Zsak M, et al. (2009) The
Duffy antigen receptor for chemokines transports chemokines and supports their
promigratory activity. Nat Immunol 10: 101–108.
9. Reutershan J, Harry B, Chang D, Bagby GJ, Ley K (2009) DARC on RBC
limits lung injury by balancing compartmental distribution of CXC chemokines.
Eur J Immunol 39: 1597–1607.
10. Lee JS, Frevert CW, Thorning DR, Segerer S, Alpers CE, et al. (2003)
Enhanced expression of duffy antigen in the lungs during suppurative
pneumonia. J Histochem Cytochem 51: 159–166.
11. Chaudhuri A, Nielsen S, Elkjaer ML, Zbrzezna V, Fang F, et al. (1997)
Detection of Duffy antigen in the plasma membranes and caveolae of vascular
endothelial and epithelial cells of nonerythroid organs. Blood 89: 701–712.
12. Middleton J, Neil S, Wintle J, Clark-Lewis I, Moore H, et al. (1997) Transcytosis
and surface presentation of IL-8 by venular endothelial cells. Cell 91: 385–395.
13. Rot A (1996) Inflammatory and Physiological Roles of Chemokines. Pathol
Oncol Res 2: 16–20.
14. Szabo MC, Soo KS, Zlotnik A, Schall TJ (1995) Chemokine class differences in
binding to the Duffy antigen-erythrocyte chemokine receptor. J Biol Chem 270:
25348–25351.
15. Peiper SC, Wang ZX, Neote K, Martin AW, Showell HJ, et al. (1995) The Duffy
antigen/receptor for chemokines (DARC) is expressed in endothelial cells of
Duffy negative individuals who lack the erythrocyte receptor. J Exp Med 181:
1311–1317.
16. Neote K, Mak JY, Kolakowski LF, Schall TJ (1994) Functional and biochemical
analysis of the cloned Duffy antigen: identity with the red blood cell chemokine
receptor. Blood 84: 44–52.
17. Neote K, Darbonne W, Ogez J, Horuk R, Schall TJ (1993) Identification of a
promiscuous inflammatory peptide receptor on the surface of red blood cells.
J Biol Chem 268: 12247–12249.
18. Horuk R, Wang ZX, Peiper SC, Hesselgesser J (1994) Identification and
characterization of a promiscuous chemokine-binding protein in a human
erythroleukemic cell line. J Biol Chem 269: 17730–17733.
19. Draznin B, Sherman N, Sussman K, Dahl R, Vatter A (1985) Internalization
and cellular processing of somatostatin in primary culture of rat anterior
pituitary cells. Endocrinology 117: 960–966.
20. Haigler HT, Maxfield FR, Willingham MC, Pastan I (1980) Dansylcadaverine
inhibits internalization of 125I-epidermal growth factor in BALB 3T3 cells. J Biol
Chem 255: 1239–1241.
21. Li A, Dubey S, Varney ML, Dave BJ, Singh RK (2003) IL-8 directly enhanced
endothelial cell survival, proliferation, and matrix metalloproteinases production
and regulated angiogenesis. J Immunol 170: 3369–3376.
22. Abrami L, Liu S, Cosson P, Leppla SH, van der Goot FG (2003) Anthrax toxin
triggers endocytosis of its receptor via a lipid raft-mediated clathrin-dependent
process. J Cell Biol 160: 321–328.
23. Grimmer S, van Deurs B, Sandvig K (2002) Membrane ruffling and
macropinocytosis in A431 cells require cholesterol. J Cell Sci 115: 2953–2962.
24. Kerr MC, Teasdale RD (2009) Defining macropinocytosis. Traffic 10: 364–371.
25. Orlandi PA, Fishman PH (1998) Filipin-dependent inhibition of cholera toxin:
evidence for toxin internalization and activation through caveolae-like domains.
J Cell Biol 141: 905–915.
26. Rothberg KG, Heuser JE, Donzell WC, Ying YS, Glenney JR, et al. (1992)
Caveolin, a protein component of caveolae membrane coats. Cell 68: 673–682.
27. Smart EJ, Ying YS, Conrad PA, Anderson RG (1994) Caveolin moves from
caveolae to the Golgi apparatus in response to cholesterol oxidation. J Cell Biol
127: 1185–1197.
28. Glebov OO, Bright NA, Nichols BJ (2006) Flotillin-1 defines a clathrin-
independent endocytic pathway in mammalian cells. Nat Cell Biol 8: 46–54.
29. Hogan A, Yakubchyk Y, Chabot J, Obagi C, Daher E, et al. (2004) The
phosphoinositol 3,4-bisphosphate-binding protein TAPP1 interacts with syn-
trophins and regulates actin cytoskeletal organization. J Biol Chem 279:
53717–53724.
30. Buccione R, Orth JD, McNiven MA (2004) Foot and mouth: podosomes,
invadopodia and circular dorsal ruffles. Nat Rev Mol Cell Biol 5: 647–657.
31. Orth JD, McNiven MA (2006) Get off my back! Rapid receptor internalization
through circular dorsal ruffles. Cancer Res 66: 11094–11096.
32. Anton IM, Saville SP, Byrne MJ, Curcio C, Ramesh N, et al. (2003) WIP
participates in actin reorganization and ruffle formation induced by PDGF. J Cell
Sci 116: 2443–2451.
33. Dharmawardhane S, Schurmann A, Sells MA, Chernoff J, Schmid SL, et al.
(2000) Regulation of macropinocytosis by p21-activated kinase-1. Mol Biol Cell
11: 3341–3352.
34. Liberali P, Kakkonen E, Turacchio G, Valente C, Spaar A, et al. (2008) The
closure of Pak1-dependent macropinosomes requires the phosphorylation of
CtBP1/BARS. Embo J 27: 970–981.
35. Henley JR, Krueger EW, Oswald BJ, McNiven MA (1998) Dynamin-mediated
internalization of caveolae. J Cell Biol 141: 85–99.
36. Damke H, Baba T, Warnock DE, Schmid SL (1994) Induction of mutant
dynamin specifically blocks endocytic coated vesicle formation. J Cell Biol 127:
915–934.
37. Engqvist-Goldstein AE, Drubin DG (2003) Actin assembly and endocytosis:
from yeast to mammals. Annu Rev Cell Dev Biol 19: 287–332.
38. West MA, Bretscher MS, Watts C (1989) Distinct endocytotic pathways in
epidermal growth factor-stimulated human carcinoma A431 cells. J Cell Biol
109: 2731–2739.
39. Brenner SL, Korn ED (1980) The effects of cytochalasins on actin
polymerization and actin ATPase provide insights into the mechanism of
polymerization. J Biol Chem 255: 841–844.
40. Swanson JA (1989) Phorbol esters stimulate macropinocytosis and solute flow
through macrophages. J Cell Sci 94 (Pt 1): 135–142.
41. Larsen EC, DiGennaro JA, Saito N, Mehta S, Loegering DJ, et al. (2000)
Differential requirement for classic and novel PKC isoforms in respiratory burst
and phagocytosis in RAW 264.7 cells. J Immunol 165: 2809–2817.
42. Neel NF, Schutyser E, Sai J, Fan GH, Richmond A (2005) Chemokine receptor
internalization and intracellular trafficking. Cytokine Growth Factor Rev 16:
637–658.
43. Venkatesan S, Rose JJ, Lodge R, Murphy PM, Foley JF (2003) Distinct
mechanisms of agonist-induced endocytosis for human chemokine receptors
CCR5 and CXCR4. Mol Biol Cell 14: 3305–3324.
44. Signoret N, Hewlett L, Wavre S, Pelchen-Matthews A, Oppermann M, et al.
(2005) Agonist-induced endocytosis of CC chemokine receptor 5 is clathrin
dependent. Mol Biol Cell 16: 902–917.
45. Rose JJ, Foley JF, Murphy PM, Venkatesan S (2004) On the mechanism and
significance of ligand-induced internalization of human neutrophil chemokine
receptors CXCR1 and CXCR2. J Biol Chem 279: 24372–24386.
46. Galliera E, Jala VR, Trent JO, Bonecchi R, Signorelli P, et al. (2004) beta-
Arrestin-dependent constitutive internalization of the human chemokine decoy
receptor D6. J Biol Chem 279: 25590–25597.
47. Nichols BJ, Lippincott-Schwartz J (2001) Endocytosis without clathrin coats.
Trends Cell Biol 11: 406–412.
48. Manes S, del Real G, Lacalle RA, Lucas P, Gomez-Mouton C, et al. (2000)
Membrane raft microdomains mediate lateral assemblies required for HIV-1
infection. EMBO Rep 1: 190–196.
49. Muro S, Wiewrodt R, Thomas A, Koniaris L, Albelda SM, et al. (2003) A novel
endocytic pathway induced by clustering endothelial ICAM-1 or PECAM-1.
J Cell Sci 116: 1599–1609.
50. Miaczynska M, Stenmark H (2008) Mechanisms and functions of endocytosis.
J Cell Biol 180: 7–11.
51. Doherty GJ, McMahon HT (2009) Mechanisms of endocytosis. Annu Rev
Biochem 78: 857–902.
52. Lee E, De Camilli P (2002) Dynamin at actin tails. Proc Natl Acad Sci U S A 99:
161–166.
53. Orth JD, Krueger EW, Cao H, McNiven MA (2002) The large GTPase
dynamin regulates actin comet formation and movement in living cells. Proc
Natl Acad Sci U S A 99: 167–172.
54. Mercer J, Helenius A (2009) Virus entry by macropinocytosis. Nat Cell Biol 11:
510–520.
55. Chakera A, Seeber RM, John AE, Eidne KA, Greaves DR (2008) The duffy
antigen/receptor for chemokines exists in an oligomeric form in living cells and
functionally antagonizes CCR5 signaling through hetero-oligomerization. Mol
Pharmacol 73: 1362–1370.
56. Stolz DB, Zamora R, Vodovotz Y, Loughran PA, Billiar TR, et al. (2002)
Peroxisomal localization of inducible nitric oxide synthase in hepatocytes.
Hepatology 36: 81–93.
57. Weber M, Blair E, Simpson CV, O’Hara M, Blackburn PE, et al. (2004) The
chemokine receptor D6 constitutively traffics to and from the cell surface to
internalize and degrade chemokines. Mol Biol Cell 15: 2492–2508.
58. Stamatovic SM, Keep RF, Wang MM, Jankovic I, Andjelkovic AV (2009)
Caveolae-mediated internalization of occludin and claudin-5 during CCL2-
induced tight junction remodeling in brain endothelial cells. J Biol Chem 284:
19053–19066.
Endothelial DARC Mediated Chemokine Endocytosis
PLoS ONE | www.plosone.org 11 December 2011 | Volume 6 | Issue 12 | e29624
